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ABSTRACT 
Developed in this work is a pseudo one-dimensional model of pro-
jectile penetration where the target damage is described only in the 
thickness direction. The process of penetration is divided into 
three distinct stages each of which assumes a different mode of fail-
ure. Conservation of momentum is invoked to obtain the governing 
equation of motion for the projectile while the balance energy is 
observed to determine the amount of heat loss as the projectile pene-
trates through the target. A relation for predicting the size of the 
plug is derived by application of the strain energy density criterion. 
Dynamic effects are considered not only in terms of inertia of the 
material elements but also in terms of the behavior of the target 
material. 
Numerical results are obtained for the different target materials, 
namely MIL-A-12560G Class 3 and AISI 4340 steel where the projectile 
nose shape is also varied. Considered are flat, round, conical pro-
jectile heads. Significant differences are observed for the two dif-
ferent materials and the assumed initial impact velocities. A conical-
head projectile velocity of l,970m/$ec is required to penetrate a AISI 
4340 ·armor as compared with 2,190m/sec for the MIL-A-12560G Class 3 
steel. The target thickness is 50cm for both materia,ls. This result 
is to be expected because of the higher critical energy density of the 
MIL-A-12560G Class 3 steel. Predicted are also the size of plug and 
-1-
( ) 
local rise of temperature as the target is perforated. In general, 
penetration is made easier for conical-head projectile. 
_j 
Refinements on many of the empirically determined parameters 
~ 
remain to be made, particularly with reference to determining the 
material behavior at high strain rates. Possible methods for 
obtaining such information are discussed. 
-2--
I. INTRODUCTION 
Penetration mechanics has been a subject of long standing interest 
in research because of the need for developing more powerful projec-
tiles and stronger armor in warfare. The early works in this area are 
,, 
mostly empirical in nature; they involved the experimental correla-
tions of such parameters as impact velocity, projectile mass, target 
thickness, penetration depth, etc. Dimensionless parameters have been 
introduced in an attempt to collate test data using scaled models. 
Trade-off relations between distance, time, and other governing para-
meters are assumed. These approaches [l ,2], however, do not account 
for the actual mechanisms of material damage in the projectile/target 
system and cast no light on the physical process. They can no longer 
be justified in modern technology where cost and design time would be 
prohibitively high. 
The material damage process associated with projectile penetration 
is complicated because it changes continuously with time. Depending 
on the refinement required for assessing the sequence of the material 
damage process, there is no unique description becaus~ the incremental 
results would depend on the selection of the individual time inter-
val. In addition, the material properties would alter with the rate 
at which the impact energy is dissipated to do damage on the projec-
tile/target system. More specifically, the coefficients in the con-
r,·, 
stitutive relations are load history dependent. That is the so 
called material constants obtained under slow loading rates would 
-3-
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alter from element to element in a system that undergoes impact. 
Even more involved is that material damage behavior depends also on 
the geometry and size of the projectile and target. These influences 
are highly nonlinear and not easily assessed by analytical means. 
While considerable efforts have been expended toward the genera-
tion of experimental data and formulation of theories, little has 
been gained to explain damage of the projectile/target system. The 
vast majority of the more recent works fall into two categories. The 
first deals with the formulation of one-dimensional models of projec-
tile penetration [3-5] while the second with the development of large 
scale computer codes [6-8] .. There is considerable diversity in these 
works, particularly in the application of failure criteria and consti-
tutive relations which are the two major areas of concern. What lacks 
in particular is a unique failure criterion that can consistently 
explain all the failure modes in the proJectile penetration process. 
Strain rate and ·heat dissipation effects are also essential because 
they are inherent to the ways with which material damages. 
Considered in this work is the formulation of a one-dimensional 
projectile/target system where both thea projectile and target undergo 
I 
damage. The model ~ntains a number of fundamental improvements over 
~--' 
those considered previously [l-5]. To begin with, the law of conser-
vation of energy is enforced such that the portion used to damage the 
material can be identified in contrast to that dissipated in the form 
of heat. Strain rate effect is also included in the constitutive 
-4-
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relation. Failure is assumed to occur when the energy in a unit volume 
of material reaches a critical value being characteristic of the 
material. This corresponds to the application of the strain energy 
density criterion [9,10]. 
-5-
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II. ANALYTICAL FORMULATION 
A one-dimensional model of the projectile/target system will be 
developed. Both the projectile and target are assumed to respond 
uniaxially while biaxial and triaxial effects are accounted for 
through parameters determined experimentally. This involves correction 
for the projectile nose shape and the three different mechanis~s of 
material damage. 
2.1 Conservation of Linear Momentum. 
The law of conservation of momentum can be applied to derive the 
equation of motion for the projectile. Let mv denote the momentum 
such that its rate of change with time is balanced with the sum of 
the forces exerted on the projectile: 
d(mv) = rF 
dt ( 2. l ) 
in which m stands for the instantaneous mass of the projectile and v 
the corresponding velocity. Three types of forces are assumed to be . 
present: 
rF = -(F. + F + F) 
1. r s 
(2.2) . 
In equation (2.2), Fi is the inertia force, Fr the compressive 
reaction force, and Fs the shearing force caused by the relative mo-
-6-
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• 
tion between the projectile and target. The component F arising from 
r 
the compressibility of the material is significant for materials de-
formed at high speed. To be observed are the following assumptions: 
• The mass elements in the target move in a direction normal to 
the area of contact and are set in motion only when they come into 
contact with the projectile. 
• The effective mass of the projectile increases as the local 
target material is compressed in the direction of motion. A corre-
sponding increase in the kinetic energy of the projectile occurs with 
the newly added mass. Plastic deformation, heat and fracture energy 
make up the remaining portions. 
• The penetration process is assumed to consist of three stages. 
As the projectile enters the target, the shear force Fs is negligible. 
This is referred to as stage I. During_the transitional stage refer-
red to as Stage ·II, all three forces F1, Fr and Fs prevail. Stage III 
pertains to full penetration where the local target material offers no 
resistance from inertia and compressibility effects with Fr= Fi= 0. 
2.2 Stage I: Initial Contact 
During the initial stage of projectile contact with the target as 
illustrated in Figures 2.l(a) and (b), only the inertia and compres-
sive forces act on the projec~ile. Since the mass of the projectile 
changes with time, equations (2.1) and (2.2) when combined give 
-7-
Target 
Projecti 1 e F(1) 
v(x) r 
_L j_ 
dp dl mp 
T t F~l) 
Added 1 
material 
1-- h -1 
(a) Initial contact (b) Free body diagram 
Figure 2.1 Initial contact of projectile with target. 
(2.3) 
In equation (2.3), mis the effective mass of the projectile given by 
(2.4) 
where mp is the initial projectile mass, P the mass densi~ and A1 
the effective projectile cross-sectional area. The cross-sectional 
area of the projectile before collision is AP and changes to A1 by 
the factor K1: 
A1 =KA l p 
-
-
(2.5) 
-8-
In equation (2.5) K1 accounts for the change in the area after new 
mass has been added to the projectile. With v being a function of the 
space variable x, it follows that 
dv = 5!Y_ dx = v dv 
dt dx dt dx (2.6) 
under these considerations, the differential equation that governs the 
projectile velocity becomes 
(2.7) 
There remains the evaluation of the inertia force F~ 1) and compressive , 
force F~ 1 ). 
2.2.1 Inertia Force 
For a differential element with mass dm traveling at velicity v, 
the work done by the differential inertial force dF~ 1 ) through the 
displacement dx being balanced with the kinetic energy is given by 
(2.8) 
Since the differential mass dm can be written as 
· dm = pdxdA (2.9') 
equations(2.8) and (2.9) may be combined to yield 
-9-. 
.. r( 1 ) = l pV2 f dA = l K pA v2 
1 2 A 2 2 l (2.10) 
As the inertia force is not distributed uniformly over the projectile 
nose surface, the approximation [4] 
(2.11) 
is made. The factor K2 depends on the geometry of the projectile 
nose shape as given in Table 2.1. Note that A1 is related to AP 
through equation (2.5). Alternatively, A1 may be assumed to depend on 
x in the form 
(2.12) 
in which A1 = 'ITdf/4, ,AP = 'ITd~/4 and K3 is a factor that adjusts for 
the effective diameter d1. The inertia force F~
1 ) for Stage I in 
equation (2.10) is thus determined. 
Nose Shape 
Flat 
Round 
Cone 
Table 2.1 Shape factor K2 [4] 
(a= semi apex angle) 
- 1 o.:. 
1 • 0 
0.5 
2.2.2 Compressive Reaction Force 
As the projectile travels through the-target, the material com-
presses and reflective waves are created. This gives rise to a re-
s is ta nee force: 
(2.13) 
in which o~ 1 ) is a stress acting at x; it can be divided into two 
components: 
(2.14) 
The component o~ 1 ) is associated with deformation at the applied 
strain rate and cr~ 1 ) with the dynamic effect of impact. Consider 
first deformation rate effect that can be described by the relation 
(1) -
crp -
< E 
- y 
(2.15) 
- l] 
' 
> € y 
in which Eis the Young's modulus. The quantities oy and cy are, 
respectively, the stress and strain at yield. The coefficients a 
a 
ands control the target material behavior. The strain component 
a . . 
c~ 1 ) can be expressed as 
(1) _ h-(h-x) _ X 
£p - h - h (2.16) 
-ll-
./ 
. . 
where h stands for the target thickness~ 
* The form of equation (2.15) has been used_ to reproduce the 
static stress and strain relation for two materials. Figure 2.2 
gives a plot of cr(i) against E(i) for the MIL-A-12560G Class 3 p p 
material with a = 0.926 ands = 0.999 while Figure 2.3 displays 
a a 
the variations of cr~ 1 ) with E~i) for the AISI 4340 steel with the 
same a = 0.969 ands = 0.9997 although the materials are different. 
a a . 
The stress created by the dynamic effect of impact is assumed to 
be constant and represented by the Hugoniot relation [12,13]: 
(2.17) 
whereµ is defined by the relation: 
µ = - [ (1) + (1)] E Ed p . (2.18) _ 
( 1) An effective density of the target material pl can be related to Ep 
in equation (2.16): I "-. 
pl -
p (2.19) 
- ( 1 ) l - E p . 
( 1 ) .. The dynamic strain • • by Ed lS given 
* Equation (2.15) was used in [11] to study the development of white 
shear band in a 4340 steel subjected to large compressive strain . 
. -12-
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3.2.-------------------------------------------------------------
3.0 
---2.0 
ta 
a. 
:E: 
......... 
~ 
0 
,--
x 
,..... 
~c. 
b 
0. 2.5 5.0 7.5 10. 12 .5 15. 
Figure 2.2 Static stress and strain curve for MIL-A-12560G 
Class 3 material with a = 0.9256 and a = 0.9994. a · a 
-13-
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2.0,------------------------------------------------------
_......... 
ttS 
a.. 
:E: 
..__..... 
('() 
0 
r--
x 
..-..1.0 ... 
rot 
'-' C. 
0 
.. 
• 
0. 
• t I 
\ 
• I • • • I I . . I I I • . . I I I I • I I I • • • 
1. 0 2.0 3.0 4.0 5.0 6.0 
Figure 2.3 Static stress-strain curve for ·AISI 4340 steel with 
a = 0.969 and a = 0.9997. 
a a 
~14-
• 
• 
• 
( 1) 
ad 
E ' 
( 1) _ 
: E - . 
. d (1) ( ) 
ad a a 1 S 
+ Cl i[ {· d ) E 
E £ E cry 
(2.20) 
- l] 
' 
Shown graphically in Figures 2.4 and 2.5 are, respectively, the 
dynamic stress and strain response for the MIL-A-12560G Class 3 
material and AISI 4340 steel. Note that the coefficients a£ a~d 8£ 
used differ from those in Figures 2.2 and 2.3 for the static case. 
The slopes of the curves in Figures 2.4 and 2.5 are much larger 
because of the higher dynamic strain rate. 
2.2.3 Time Elapsed. 
Once a{i) and a{i) are known, ar{i) can be calculated from equation p d 
{2.14) and hence F~1 ). With the aid of equations {2.10) and {2.13) 
for F~ 1 ) and F~1 ), the differential equation {2.7) governing v{ 1 )(x) 
can be solved to render 
1/ 2 
F{i) 2+K F{i) 
v(l) {x) = [v? + r. ]( m~ ) 2 - _...,,,..r __ 
, (1+12K2)pAl mp+pAlx (l+lK) A 2 2 P 1 
( 2. 21 ) 
where vi is initial velocity. The time elapsed for Stage I can thus 
be found 
-I}_ . ( ) h-b 
t 1 = J dx 
· A v( 1 )(x) 
,I:. 
(2.22) 
-15-
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5.0,-----------------------------------------------------------
• 
• 
4.0 -
• 
• 
• 
(tj 
a. • 
::E 
.......,3.0-
(Y") 
0 
r--
X 
~ 
~ 
......... -0 
b 
Vl 
V) 
• 
• 
• 
QJ b 2.0 -
V') 
• 
• 
• 
• 
1 . 0 . 
• 
• 
• 
0. 
' 
• • • • I I • • I I • I I I I • • • I 
1 . 0 2.0 3.0 4.0 
Strain E~ 1 )xl0-2 (m/m). 
Figure 2.4 Dynamic stress and strain response for MIL-A-12560G 
Class 3 material with a = 200. and B = 0.8142. 
E E 
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3.0..-------------------------------------------------------
----. 2.0 
,a 
a.. 
:£ 
..._, 
('t") 
0 
r-
x 
1.0 
0. 0.5 1. 0 1 • 2 
Strain E~ 1)xl0-2 (m/m) 
Figure 2.5 Dynamic stress and strain resp·onse for AISI 4340 
steel with a = 200. and a = 1.158788. 
e: e: 
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. . 
A five (5) point Gaussian quadrative may be used to evaluate t(i) in 
equation (2.22). 
2.3 Stage II: Partial Penetration 
Stage I terminates when plugging begins to form. This occurs at 
x = h-b where bis the remaining depth of target at the onset of plug 
formation as shown in Figure 2.6. At this state, the initial force 
X 
b 
X - (h-b.) 
h 
t 
d2 
T 
0 
( 2) 
F· 1 Shear 
zone 
F( 2) 
r 
F 2) 
s 
h 
(a) Partial penetration (b) Free body diagram 
Figure 2.6 Intermediate stage of projectile·penetration. 
F~2) continues to act on the projectile and becomes 
1 
' 
X-b<X<h 
- ..._ 
(2.23) 
in which A2 corresponds to d2 in Figure 2.6{a) and it depends on x: 
-18-
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. .. 
(2.24) 
The factor K4 depends on the plugging process in the target. 
The compressive reaction force F(z) begins to decrease during r . 
Stage II and tends to vanish as the plug is formed. Less and less 
resistance is exerted on the projectile as damage in the target 
increases progressively. A parabolically decreasing function for 
F(z) can be assumed: 
r 
F(2) = A (2) = A {l-[x~(h-b)]2} 
r 2°r 2°u b ' ( h-b) < X < h (2.25) 
In equation (2.25), au is the static ultimate strength which can be 
found from Figure 2.2 or 2.3. In addition to F~ 2 ) and F(z) a shear 1 r ' · 
force F(z) also comes into play as shown in Figure 2.6(b}; it takes 
s 
the form 
' 
( h-b) ~ X ~ h (2.26) 
The shear strength Tis taken to be strain rate dependent [14,15]: 
• 
. T = T + ny 
0 
(2.27) 
in which 1 is the static sheir strength and· n the coefficient of 
0 
viscosity. The shear strain rate is 
-19-
... 
• V y = -0 (2.28) 
with o being the width of the shear zone. 
Equations (2.23), (2.25) and (2.26) can thus be substituted into 
equation (2.1) and (2.2) to obtain the equation motion v( 2 )(x). 
It fol lows that 
The effective mass now becomes 
in which m1 is found from 
h-b 
f A1dx 
0 
(2.29) 
(2.30) 
( 2. 31 ) 
(2.32) 
Since d1 = K3x + d~ with dp being the undamaged proj~ctile diameter, 
-20-
equation (2.32) can be integrated to yield 
{2.33) 
The duration of Stage II can thus be evaluated by application of the 
Gaussian quadrative method: 
(2.34) 
This completes the calculation for Stage II. 
2.4 Stage III: Full Penetration 
Plug formation is a process that involves the local dislocation of 
target by the travelling projectile. A slug of damaged material tends 
to be formed. Its length will be denoted by b0 as in Figure 2.7 being 
less than bin Figure 2.6(a). The inertia and compressive force 
_ Damage 
material 
-
(a) Full penetration 
-- T 
_....Shear 
zone 
(b) Free body diagram 
Figure 2.7 · Full penetration of projectile. 
-21-
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. . 
. . .
vani~h, i.e., F~ 3) = F~3 ) = 0. Only the shear force is nonzero: 
F( 3 ) = ~Td2(b +h-x) S 0 (2.35) 
Here, cr2 is the average diameter of the cavity in Stage II. During 
Stage III, the effective mass of projectile is 
(2.36) 
With the aid of equation (2.24), ~2 is obtained: 
· As the projectile proceeds to penetrate through the target for x>h 
. 
shown in Figures 2.B(a) and 2.B(b), the displacement u of the combined 
u Damage 
- material 
0 
T • 
h 
X _ _.._. 
(a) Plugging failure (b) Free body diagram 
--
Figure 2.8 Plug leaving target. 
-22-
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projectile a~d added mass system with reference to the target is 
U = X - h (2.38) 
By assuming that u is proportional to the shear strain y through shear 
zone layer distance o as 
u = yo (2.39) 
The last ligament of target failure corresponds to u reaching a crit-
ical value or uc is determined: 
X = h + U C C 
(2.40) 
For Stage III, equation (2.1) simplifies to 
(2.41) 
where A2 is the average cavity area in the second stag_e. Using equa-
tion (2.27) for T, the Newton-Raphson method can then be used to solve 
for 
(2.42) 
where v2 is the projectile velocity at the end of Stage II. Dif-
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ferentiating equation (2.42) with time gives 
(2.43) 
The time duration of Stage Ill is t( 3 ); it corresponds to the 
elapsed time for the displacement u to reach uf. The corresponding 
velocity is vf. It follows that the total time tf for the entire dura-
tion of the projectile penetration process can be found as the sum: 
(2.44) 
Ejection of fragments and/or debris may follow as the projectile leaves 
the target. 
2.5 Energy Balance. 
The three stages of projectile penetration invoked in the present 
model assumes failure by plugging. Influences due to change in 
material behavior, geometry and impact velocity are accounted for such 
that both the projectile and target undergo damage. Because the pro-
jectile travels at a relatively fast speed, the flow of material in 
the radial direction has a negligible effect on plug formation. A 
significant portion of the expanded energy occurs in shearing of the 
projectile wall against the target whereas the material directly 
ahead is pushed forward. Plug formation is most susceptible for blunt 
projectiles impacting on relatively hard targets. 
-24-
. . 
What has not been considered in the previous investigations 
[l-5], is the intense heat generation in a narrow band of material at 
the site where the local shear strains are extremely high. A thermal 
softening and/or weakening of the material occurs around a band with 
thickness o surrounding the periphery of the projectile. Breakdown 
occurs in o allowing the formation of a plug that can be easily 
pushed out by the projectile. Up to this date, no models are capable 
of predicting the plug length. This is mainly because they do not 
make use of the conservation of ~nergy nor the application of a 
failure criterion. 
Consider the balance of energy at incipient plugging. This corre-
sponds to the target material reaching a threshold condition that can 
be identified with a critical state of strain energy density. If ~U 
* represents the work done per unit time by the projectile on the target, 
then 
All= F( 1 )x =· A cr( 1 )x = A cr*x 
0
~- r C l r C 1 U C (2.45) 
where cr(i) is given by equation (2.14). During the te~ination of 
r 
Stage I and the start of Stage II when the plug is formed, the global 
dissipation of energy ~Q per unit time is given by [16]: 
(2.46) 
*For velocities about the ballistic limit, cr~1 ) can be set equal to 
* cru' the dynamic ultimate stress of the target. 
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In equation (2.46), Pis the mass density and cv the specific heat of 
the target material. The energy stored in a unit volume of material 
A1h per unit time can be written in terms of a critical dynamic strain 
* energy density function (dW/dV)c that is strain rate dependent: 
(2.47) 
The global energy balance for the target becomes 
LlU + LlQ = LlE (2.48) 
* The amount of heat .LlQ in the target differs from LlQ in the plug, i.e., 
* * LlQ = y LlQ (2.49) 
* Hence, y can be regarded as the plug-to-armor co~fficient of heat 
transfer; it is a strain rate dependent quantity: 
* * . y = y (e:) (2.50) 
* Since ~Q and ~Q are proportional to their respective temperature 
* * changes ~T and ~T, y can alternatively be expressed as 
. * ~T 
y = * 
~T 
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(2.51) 
It follows that equation (2.46) becomes 
* * 
~Q = y pA1x c ~T C V (2.52) / 
Substitute equations (2.45}, (2.47) and (2.52) into (2.48) and 
solving for xc' the result is 
(2.53) 
where xc corresponds to the critical distance travelled by the pro-
jectile at which a plug begins to form. 
2.6 Strain Energy Density Criterion 
/ 
The strain energy density criterion [9,10] has been applied 
successfully to solve many engineering problems for a variety of geom-
etries, loading conditions and materials. It assumes that 
"The rate of energy consumed in a unit volume of material 
can be identified with damage or failure." 
The threshold condition is related to a critical strain energy 
* density function (dW/dV)c for dynamic loading and (dW/dV)c for static 
* . loading .. Both (dW/dV)c and (dW/dV)c represent area under the true 
stress and true strain curve obtained, respectively. The static case 
has been discussed in [16]. 
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One of the fundamental aspects of the strain energy density 
criterion is that all material response such as static, dynamic, 
fatigue and/or creep can be derived directly from the uniaxial tensile 
data. Therefore, only a knowledge of the complete uniaxial stress and 
strain time history is needed. Moreover, the theory can be applied to 
evaluate damage at the different scale level from the microscop,ic to 
the macroscopic by appropriate selection of the unit ~olume element. 
The present limitation is not one in theory but the inability to obtain 
reliable microscopic data in connection with those obtained at the 
scale level. 
Vynamie En6erx. The critical dynamic strain energy density func-
* tion (dW/dV)c can be assumed to depend on its static value (dW/dV)c 
• 
and the instantaneous strain rates, i.e., 
(2.54) 
The same applied to the dynamic ultimate strength: 
(2.55) 
Projectile velocity [2,5] v(x) is known to decrease by only five (5) 
• • percent after Stage I. Hence, the instantaneous strain rates 1n 
equations (2.54) and (2.55) s~y v/h, can thus be approximated by the 
• constant rate vp/h or tp, Normalizing the strain rate dependency as 
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• • • -4 -1 e:P/e:0 , where e:0 "'10 sec corresponds to the very slow strain rate 
* in the uniaxial static test, it is possible to represent (dW/dV) C 
* and au in polynomial forms. They are 
(2.56) 
and 
• • 
* n E J 
au = au + I g. (.;£. - 1) j=l J EO 
(2.57) 
in which ~P/~0 = vp/10-
4h. Them+ n coefficients fj(j = 1 ,2, ... ,m) 
and gj(j=l ,2, ... ,n) can be determined from uniaxial tests. Once 
* * (dW/dV)c and au are known, the plug length b may be determined from 
the energy balance result. / \ / 
* An alternate form of (dW/dV)c is 
• 
dW * _ dW.. ~ (dV)c - (cfil)c [l+folog(s
0
)J (2.58) 
The same applies to 
• 
* £ 
au= au[l+g0 log(~)] (2.59) . 
Two experimentally determined constants f0 and g0 are thus involved. 
. . 
Equations (2.58) and (2.59) fit well with data for steels with 0.35% 
carbon [17]. The constants f0 and g0 are adjusted to account for the 
two- or three-dimensional effects. 
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• • • -4 -1 £p/£0 , where £0 "'10 sec corresponds to the very slow strain rate 
* in the uniaxial static test, it is possible to represent (dW/dV)c 
* and a in polynomial forms. They are u 
(2.56) 
and 
• • 
* n E J 
a = a + l g. ( _;.2- - 1 ) 
U U j=l J EQ 
(2.57) 
• • -4 ( ) in which £P/£0 = vp/10 h. Them+ n coefficients fj j = 1 ,2, ... ,m 
and gj{j=l,2, ... ,n) can be determined from uniaxial tests. Once 
* * (dW/dV)c and au are known, the plug length b may be determined from 
the energy balance result. 
* An alternate form of (dW/dV)c is 
• 
dW * _ dW . ~ (dV)c - (dV)c [l+folog{s
0
)J (2.58) 
The same applies to 
• 
* a = 
u 
E 
cru[l +g01 og(~) J (2.59) . 
Two experimentally determined constants f0 and g0 are thus involved. 
Equations (2.58) and (2.59) fit well with data for steels with 0.35% 
carbon [17]. The constants f0 and g0 are adjusted to account for the 
two- or three-dimensional effects. 
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Table 2.2 Thermal Energy Dissipation Models 
Model Type 
Nadai [17] 
Timoshenko [18] 
Douglas and Altan [19] 
Holtzer and Brown [20] 
Expression of r in 
equation (2.62) 
a.To 
u 
(1-v)oupCVJ/aE 
* * Q.9E <J 
Ef 
0.86 f crdE 
0 
dissipation due to plastic deformation. * To be employed in this work 
is the model of Douglas and Al tan [19], i.e., 
* t1T = 
* * Q.9E <JU 
pC J 
V 
* in which E = 0.7in/in and J can vary depending on the degree of 
plastic or shear deformation during plugging. 
(2.63) 
Once J is known, the plug size can be calculated from equations 
* (2.60) and (2.61)- for different values of y • Figure 2.9 displays the 
* results for y in percentage as a function of b/h. The upper curve 
is the elastic case with an equivalent J of approximately 0.6. In the 
model of Doug_las and Al tan [19] given by equation (2.63), J is 0.09. 
* For steel, it is reasonable to assume that y is less than 10%. Actual 
* . 
values of y and J must of course be found by experiments. 
Holtzer and Brown [20] utilizes a final strain Ef associated with 
plug formation which is difficult to estimate. 
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III. GEOMETRIC AND MATERIAL PARAMETERS 
The model developed in this work attempts only to capture some of 
the essential features of projectile/target damage and the correspond-
ing kinematic behavior. Changes in projectile size and target damage 
are accounted for by the geometric parameters Kj(j=l,2, ... 5). They 
are included in an empirical manner because of the one-dimensional 
simplication. Materi_a,l properties being strain rate dependent should 
be determined more precisely by tests and/or more refined analyses. 
Some of the shortcomings cannot be easily overcome because they are 
inherent in all the classical continuum mechanics themes. One of them 
is the neglect of nonhomogeneity of the stress and strain field where 
the same constitutive relation cannot be assumed to hold everywhere. 
The answers to many of these questions will not become available until 
the problem is solved by including the effects of thermal/mechanical 
coupling [21] where the dissipation energy can be more accurately 
distinguished from the energy used in fragmentation, fracture and plug 
formation in addition to alternation in the material microstructure in 
the so called region of adiabatic shear band. 
3.1 Geometric· Factors. 
Recall that K1 governs the difference between the cross-sectional 
area A1 during Stage I in Figure 2.1 and that of the original projec-
tile AP. It depends on the ratio of projectile to target material 
density, the angular momentum of the projectile, and the angle of inci-
dence at impact. The value of K1 is between one and two. Table 3.1 
sunmarizes the experimental and calculated results from the average 
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Table 3.1 Comparison and Calculation Between Test Results 
., in [5] Using Kj (j=l ,2 ,3) 
Projectile 
s. -R. 
s. -R. 
s. -R. 
s. -R. 
S. -R. 
s. -R. 
s. -R. 
s. -R. 
s. -R. 
s. -R. 
S.A.P. 
S.A.P. 
S.A.P. 
TT.-R. 
TT. -R. 
TT. -R. 
TT. -R. 
TT.-R. 
TT. -R. 
TT. -R. 
TT. -R. 
TT. -R. 
TT. -R. 
TT. -R. 
A. -R. 
A.-R. 
A.-R. 
A.-R 
A.-R. 
A. -R. 
Target 
SA-A-6 
SA-A-8 
SA-B-6.35 
SA-C-8 
SA-0-9 
SA-D-10 
MS-A-10 
AL-6-9.6 
AL-6-13.0 
AL-6-19.0 
SA-A-6 
SA-B-6.35 
SA-0-12 
AL-1-l 
AL-1-2 
AL-1-3 
AL-1-4 
AL-1-5 
AL-1-6 
AL-6-1 
AL-6-2 
AL-6-3 
AL-6-4 
AL-6-5 
AL-1-4 
AL-1-5 
AL-1-6 
AL-6-3 
AL-6-5 
AL-6-6.35 
Hole Diameter 
dave or d1:d3 
(rrm) 
10.5 
10.6 
10.4 
10.0 
10.5 
11 . 5 
10.6: 13.2 
8.2: 8.6 
8 .1 : ·12.1 
8. l : 13. 9 
10.5 
9.8 
9.0 : 5.9 
5.9 
6.0 
6.0 • 6.5 • 
6.0: 7.55 
6 .1 • 8.55 • 
6.0: 9 .1 
5.8 
6 .1 
6.6 
7 .1 
7.8 
9.05 
9.3 
9.45 
9.6 
10.3 
10.9 
Calculated 
d2 
. . 
{mm) 
10.48 
10.58 
10.37 
10.02 
10.57 
11. 4 
11 . 6 
8.44 
10.07 
10.97 
10.42 
9.85 
7.35 
5.88 
6.03 
6.29 
6.67 
7.35 
7.57 
5.88 
6.03 
6.54 
7 .12 
7.77 
9.04 
9.27 
9.50 
9.68 
10 .31 
10.90 
. . 
1.87 
1. 9 
1.83 
1 . 7 
1.89 
2.2 
2.3 
l. 2 
l . 7 
2. 
1.85 
1.65 
0.9 
l . l 
1 . 15 
l. 25 
1 .4 
l . 7 
l .8 
1 • 1 
1 .15 
1.35 
1 .6 
1.9 
l . 
1.05 
l . 1 
l .15 
l . 3 
1.45 
. . .. 
di·ameter of the hole~ It tends to unity as the densi·ty ratio becomes 
increasingly large while the angle of incidence diminishes. The num-
ber.s in the columns under projectile and target in Table 3.1 identify 
-
. 
the material properties .defined in [5] while those for the average 
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hole diameter are the test data. The values d2 are calculated from 
equation (2.24) while K1 corresponds to K3 = 0.01 and K4 = 0.02 used 
in equations (2.12) and {2.24). The average of d1, d2 and d3 for the 
three stages are denoted by dave· Listed in Table 3.1 are also the 
values of d1 :d3 tabulated side by side. 
The factor K2 in equation (2.10) controls the shape of the projec-
tile head which changes as it travels through the target. For a sharp 
front such as a cone, K2 depends on sin2a with a being the semi-apex 
( 
angle. When it comes in contact with the target during Stage II in 
Figure 2.2, the projectile head blunts and becomes more spherical in 
shape and K2 can increase to a factor of 0.5. The value of K2 can be 
found in Table 2.1. 
The factors K3 and K4 are introduced in equations (2.12), (2.24), 
(2.33) and (2.37) to adjust for changes in the cavity diameter at 
Stage I and II, respectively. They are inversely proportional to the 
yield'and ultimate strength of the target. material and can even be neg-
ative should the cavity decrease in diameter during penetration. It 
has been found experimentally [5] that K4 is the order 10- 1 and K3 is 
10-2 differing by order of magnitude with IK41 < IK31. Needless to 
say, K3 and K4 also depend on the target thickness and impact velocity. 
The difference between the plug diameter and target opening is 
accounted for by the factor K5 in equation (2.61). Precise values of· 
K5 for MIL-A-12560G Class 3 steel and AISI 4340 steel can be deter-
mined from field tests. Based on the yield strength and fracture 
~-35-
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toughness of the target material and previous test resultst K5 is 
taken as 0.45 for the MIL-A-12560G Class 3 steel and 0~54 for the 
AISI 4340 Steel. 
3.2 Projectile and Ta.rget Material 
Numerical results will be obtained for three different projectiles 
and two different targets. They will be referred to a.s case IA, IB, 
... ' IIIB giving a total of six (6) different combinations. The num-
bers I, II and III refer, respectively, to the flat, semi~round and 
conical projectile head as shown in Figures 3.1. The letters A and B 
refer to the MIL-A-12560G Class 3 steel and AISI 4340 steel, respec-
tively. 
R 
_........_ ____________________ ~_ 
R 
R 
R 
R 
R 
I· L 
(a) Fl at 
-
-
I I L 
( b) Semi·-round 
I· L 
( t ) · Con i cal 
Figure 3.1 Nose shape of penetration. 
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The diameter of the projectile is 2R = 30mm and its length is 
L = 475rrm. Table 3.2 gives the mechanical properties for the tungsten 
projectile while Table 3.3 sunmarizes the geometric factor K. J 
{j=l,2, ... ,4) used for the projectile and target. The hardening 
Table 3.2 Data on Tungsten Projectile for all Nose Shapes 
Mass Density 
pXl0 3 (kg/m 3 ) 
17. 6 
Young's Modulus 
Exl0 11 (Pa) 
3.45 
\ 
\ 
Sound Speed 
c (m/sec) 
4427 
Table 3.3 Geometric Factors for Target and Projectile 
Case 
IA and IB 
IIA and IIB 
IIIA and IIIB 
l . l 
l .1 
l .1 
1 .0 
0.5 
0.25 
0.01 
0. 01 
0.01 
0.02 
0.02 
0.02 
coefficients in equation (2.15) for the two target materials are given 
in Table 3.4 while the constants in the Hugoinot equation (2.17) are 
the same for all cases as shown in Table 3.5. Shown in Table 3.6 are 
the mechanical and thermal properties for material A and B. The crit-
ical strain energy density function in Table 3.7 is·calculated from: 
( 3. l) 
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Table 3.4 Hardening Coefficient for Target Materials A and B 
Material 
A 
B 
ex. 
a 
0.926 
0.969 
0.999 
0.9997 
a. 
e: 
200. 
200. 
Table 3.5 Hugoniot Coefficients for All Six (6) Cases 
Material 
A 
B 
Mate-
rial 
A 
B 
0.73 
0.73 
l. 72 
l. 72 
l . 2 
0.4 
Table 3.6 Mechanical and Thermal Properties 
of Target for Materials A and B 
Young's Poisson's Sound Thermal 
Modulus Ratio Density Spee·d Coefficient 
E(Pa) V p(kg/m3) c(m/sec) a (m/m° K) 
l . 865xl O 11 0.34 7·,aso 4,874 l .2xl0-S 
. 11 l . 999x10 0.32 7,833 5,053 l . 2xl O -5 
0. 
0. 
s 
E 
0.814 
l . 159 
n 
250 
200 
Specific 
Heat 
c (m2/sec2 °K) V 
500 
500 
Table 3.7 Uniaxial Tensile and Shear Data for Target 
Yield . Ultimate Shear Strain Energy 
~1ate- Strength Strength Strength Density 
rial cry(MPa) cru(MPa) , 0 (MPa) (dW/dV)c(MPa) 
A 1 , 156 3,216 2,210 318.4 
B 1,482 1,793 1,268 97.7 
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Equatibn (2.17) may be inserted into equation (3.1) to yield 
(3.2) 
It follows tha-t 
(3.3) 
and hence 
(3.4) 
* * The dynamic values of (dW/dV)c and cru can thus be obtained by applica-
tion of equations (2.58) and (2.59), and they are given in Table 3.8. 
Material 
Type 
A 
B 
Table 3.8 Dynamic Material Properties 
Strength 
*' cru(Pa). 
10 l.96-l.98xl0 
9 6.50-6.54xl0 
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Critical Energy Density 
. * (dW/dV)c(Pa) 
1.16-l .17xl09 
7.81-7.88xl08 
IV. DISCUSSION OF RESULTS 
Based on the one-dimensional projectile penetration model developed 
in this work, a computer program is written such that sensitivity of 
the governing parameters on the end results can be tested. Different 
material types and projectile/target geometries will be considered. 
Referring to Figure 4.1, a projectile with certain nose shape will 
impact on a target with thickness hat normal incidence. Some of the 
+--Target 
------------t--+-~-----------------+---+---
Projectile 
Figure 4.1 Schematic of projectile/target system. 
. . 
empirical parameters assumed in this model are the constants f0 . 
and g0 in equations (2.58) and (2.59). They are taken as f0 = 0.3 and 
g = 0.15 for the MIL-A-12560G Class 3 material and f0 = 0.4 and g0 = 0 . 
0.15 for the AISI 4340 steel. The viscosity coefficient of n and shear 
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zone width o in equation (2.28) can be obtained from the results in [5] 
and modified to accommodate the particular ballistic test condition. 
4.1 MIL-A-12560G Class 3 Material: Case IA, IIA and IIIA. 
Numerical results for the MIL~A-12560G Class 3 Material are used 
' 
for three different projectile nose shapes, namely flat, round and con-
ical as shown in Figure 3.1. Displayed in Figures 4.2 to 4.4 inclusive 
are the time history of distance, velocity and total force for the 
three stages up to the point of total penetration. The corresponding 
numerical results are given in Tables 4.1 to 4.3 inclusive. The mag-
nitude of the initial projectile velocity needed to penetrate the MIL-
A-12560G Class 3 Material is the highest for the flat-head projectile, 
followed by the round- and conical-head projectile. The force during 
Stage I for the flat-head projectile is also the highest, because of 
the corresponding elevation in the resistance force. As the projectile 
effective mass increases, the nose shape effect tends to diminish such 
that the resistance force becomes approximately the same for Cases IA, 
IIA and IIIA. A smaller plug length is predicted for the higher mate-
rial. The plug size ranged from approximately 35% to 50% of the target 
thickness for all three projectile shapes and the two materials con-
sidered. These results are affected by the values of f0 , g0 , n, c and 
K5 as mentioned earlier. 
Figures 4.5, 4.6 and 4.7 display the inertia, compressive and shear 
force variations with the distance. The sudden jump of the inertia 
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Stage III 
0.6 
r Stage I-----· .... !--Stage II 
2. 8 .--------...-------........ ----. 6. 5 
6.0 
0.5 
Velocity 
2.0 
.......... 
.......... z 
....-.-. en ~ 
[' E .......... 0 ..__., E 
4.0 x X ......... ('t') 
QJ 0 LJ.. 
u ,-- t,...J 
C: X a, ,a. > u .., 
s.. Cl) ~ 0 .,... 
C .,- LJ.. 
u 
0 r-
,.... n:, 
.µ 0.25 QJ 0 > I-
1.0 
2.0 
Distance 
0. 
0. 1 • 0 2.0 3.0 3.5 
Time txl0- 4 (sec) 
Figure 4.2 Time history of distance, velocity}and total force 
for the flat-head projectile and MIL-A-12560G Class 3 
material: Case IA. 
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Table 4.1 Numerical Data of Distance Velocity and Total 
Force as a Function of Time for the Flat-Head 
Projectile and the MIL-A-12560G Class 3 
Material: Case IA. 
Time 
t(µsec) 
12. 2 
25.1 
38.8 
53.3 
68.6 
85.0 
l 02. 3 
120 .8 
140 .4 
161 .4 
174.0 
186 .8 
199.7 
212.8 
226.0 
239.6 
253.4 
267.7 
282.7 
299 .1 
339 .1 
Velocity 
v(m/s) 
2490 
2356 
2229 
2109 
1994 
1886 
1782 
1685 
1592 
1504 
1447 
1384 
1315 
1238 
1154 
l 062 
959 
843 
709 
543 
363 
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Distance 
x(m) 
0.031 
0.062 
0.094 
0 .125 
0 .156 
0 .187 
0.219 
0.25 
0.281 
0.312 
0.331 
0.35 
0.369 
0.387 
0.406 
0.425 
0.444 
0.462 
0.481 
0.5 
0.538 
Total Force 
LFxl07 {N) 
2.29 
2 .11 
1.95 
1.80 
l .66 
l . 53 
l . 41 
l . 31 
1 . 21 
l .12 
2.06 
2.55 
3.03 
3.51 
3.98 
4.44 
4. 91 
5 .·36 
5.81 
6.06 
4.46 
• 
Stage III 
I Stage I ·I Stage II 
0.6 2.5 6.5 
6.0 
0.5 
2.0 
~ 
z: 
,....... 
'--' ,....... Vl 
" E ........ 4.0 ~ '-"' E 
X . '-"' X 
('I") I."-, 
QJ 0 t,...J 
u ,-
C: X QJ 
ttS > u 
.µ s... 
Vl >, 0 
.,.. +,J ~ C .,.. 
u ,-
0.25 0 tO . 
cij l .0 +J 0 
> I-
Distance 
2.0 
o. o. 1.0 2.0 3.0 3.6 
Time txlo-4(sec) 
Figure 4.3 Time historyofdistance, velocity and total force 
for the round-head projectile and MIL-A-12560G Class 3 
-material: Case IIA. 
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Table 4.2 Numerical Data of Distance, Velocity and 
Time 
t{µsec) 
13. 7 
28. l 
43.2 
59 .1 
75.7 
93.7 
111 . 7 
131 . 2 
151 . 8 
173 .4 
186. 5 
199. 7 
213 .1 
226.5 
240.2' 
254 .1 
268.4 
283.0 
298.4 
315. 1 
355.1 
Total Force as a Function of Time for the 
Round-Head Projectile and MIL-A-12560G Class 3 
Material: Case IIA. 
Velocity 
v(m/s) 
2224 
2123 
2026 
1933 
1844 
1759 
1677 
1598 
1523 
1451 
1403 
1348 
1286 
1216 
1138 
l 051 
953 
842 
711 · 
550 
369 
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Distance 
x(m) . 
0.031 
0.062 
0.094 
0 .125 
0 .156 
0.187 
0.219 
0.25 
0. 281 
0.312 
0.331 
0.35 
0.369 
0.387 
0.406 
0.425 
0.444 
0.462 
0.481 
0.5 
0.538 
Total Force 
}:Fxl07 (N) 
l .02 
0.96 
0. 91 
0.86 
0 .81 
0.77 
0.73 
0.70 
0.66 
0.63 
l .48 
2.0 
2.53 
3.05 
3.58 
4 .10 
4.62 
5 .13 
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6 .16 
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Table 4.3 Numerical Data for Distance, Velocity and 
Total Force as a Function of Time for Conical-
Head Projectile and MIL-A-12560G Class 3 
Material: Case IIIA. 
Time 
t(µsec) 
14.6 
29.8 
45.6 
62.3 
79.7 
97.9 
117.0 
137. 0 
158.0 
180.0 
193. 5 
206.9 
220.5 
234.2 
248. l 
262.3 
276.7 
291.6 
307.2 
324 .1 
364 .1 r 
Velocity 
v(m/s) 
2100 
2013 
1929 
1848 
1770 
1696 
1623 
1554 
1487 
1423 
1380 
1329 
1270 
1203 
1128 
1043 
948 
838 
709 
549 
369 
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Distance 
x(m) 
0.031 
0.062 
0.094 
0 .125 
0.156 
0.187 
0.219 
0.25 
0.281 
0.312 
0.331 
0.35 
0.369 
0.387 
0.406 
0.425 
0.444 
0.462 
0.481 
0.5 
0.538 
Total Force 
rFxl0 7 (N) 
0.55 
0.53 
0 .51 
0.49 
0.47 
0.46 
0.45 
0.43 
0.42 
0 .41 
l . 21 
l . 75 
2.29 
2.84 
3.38 
3.93 
4.48 
5.02 
5.57 
6. 11 
4.47 
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Table 4.4 Inertia, Compressive and Shear Force Variation 
with Distance for Case IA. 
Distance 
x(m) 
0.031 
0.062 
0.094 
0 .125 
0.156 
0 .187 
0.219 
0.25 
0.281 
0.312 
0.331 
0.35 
0.369 
0.387 
0.406 
0.425 
0.444 
0.462 
0.487 
0.5 
0.538 
Inertia Force 
7 F;xlO (N) 
2 .12 
l. 94 
1.77 
1.62 
1.47 
1. 34 
1. 22 
l . 11 
l . 01 
0.92 
l . 11 
l .04 
0.96 
0.88 
0.78 
0.68 
0.57 
0.45 
0.33 
0. 
o. 
Compressive Force 
6 FrxlO (N) 
1 . 71 
l . 75 
l . 78 
l . 81 
l . 85 
l .88 
l. 92 
l. 95 
l . 99 
2.03 
4 .17 
.4. l 5 
4.04 
3.83 
3. 51 
3.07 
/t;f 
2.51 
1 .82 
0.98 
o. 
o. 
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Shear Force 
7 F sxl O (~I) 
0. 
0. 
0. 
0. 
0. 
o. 
o. 
0. 
0. 
o. 
0.54 
l .09 
l. 66 
2.25 
2.85 
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4.09 
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Table 4.5 Inertia, Compressive and Shear Force Variations 
with Distance for Case IIA. 
Distance 
x(m) 
0.031 
0.062 
0.094 
0.125 
0 .156 
0.187 
0.219 
0.25 
0 .281 
0.312 
0. 331 
0.35 
0.369 
0.387 
0.406 
0.425 
0.444 
0.462 
0.481 
0.5 
0.538 
Inertia Force 
F;x106 (N) 
8.48 
7.88 
2. 31 
6.79 
6.29 
5.83 
5.4 
5.0 
4.62 
4.27 
5.21 
4.94 
4. 61 
4.24 
3.81 
3.33 
2 .81 
2.25 
1 .65 
l . 01 
0. 
!,.- .... 
Compressive Force 
F··xl06 (N) 
r 
l . 71 
1 • 75 
l . 78 
1 • 81 
l . 85 
l .88 
1. 92 
l. 95 
1. 99 
2.03 
4. 17 
4·.15 
4.04 
3.83 
3.51 
3.07 
2.51 
1.82 
0.98 
0. 
o. 
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Shear Force 
F5 xl07 (N) 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0.54 
l .09 
l . 66 
2.25 
2.85 
3.46 
4.09 
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6.06 
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Table 4.6 Inertia, Compressive and Shear Force Variations 
with Distance for Case IIIA. 
Distance 
x(m) 
0.031 
0.062 
0.094 
0 .125 
0 .156 
0.187 
0.219 
0.25 
0.281 
0. 312 
0. 331 
0.35 
0.369 
0.387 
0.406 
0.425 
0.444 
0.462 
0.481 
0.5 
0.538 
Inertia Force 
Fix106 (N) 
3.78 
3.54 
3. 31 
3. 1 
2.9 
2.71 
2.53 
2.36 
2.2 
2.06 
2.52 
2.4 
2.25 
2.07 
l .87 
l. 64 
l. 39 
l . 11 
0.82 
0.5 
0. 
Compressive Force 
Frxl06 (N) 
l . 71 
l . 75 
l. 78 
l . 81 
l. 85 
l .88 
1.92 
1. 95 
1.99 
2.03 
4 .17 
.4 .15 
4.04 
3.83 
3. 51 
3.07 
2.51 
l .82 
0.98 
0. 
o. 
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Shear Force 
Fsxl07 (N) 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0.54 
1 . 09 
1. 66 
2.25 
2.85 
3.46 
4.09 
4.73 
5.39 
6.06 
4.47 
and compressive force curve at.the beginning of Stage II is attributed 
to the onset of plug formation. To iterate, effect of the projectile 
nose shape is reflected by the variations of Fi whereas Fr and Fs are 
not affected as much. The corresponding numerical results are given 
in Tables 4.4, 4.5 and 4.6. 
Illustrated in Figure 4.8 is a plot of the initial projectile 
velocity vp as a function of target thickness hat full penetration 
for the three different projectile nose shape. The same target 
material MIL-A-12560G Class 3 is used for each case. 
In general, the initial impact velocity tends to increase with 
target thickness as expected. For a given h, a larger initial velo-
city is required for the flat-head projectile followed by the round-
head and then the conical-head. The numerical results are given in 
Table 4.7. 
Table 4.7 Initial Velocity for Flat-Head, Round-Head and Conical-Head 
Projectile at Full Penetration with Different Thickness of 
Target Made of MIL-A-12560G Class 3 Material. 
Thickness 
h(m) 
0 .1 
0.2 
0.3 
0.4 
0.5 
Flat-Head 
vp(m/s) 
420. 
830. 
1,340. 
l , 900. 
2,630. 
...... 
'\· 
Round-Head 
vp(m/s) 
420. 
790. 
1,250. 
1,740. 
2,330. 
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Conical-Head 
vp(m/s) 
400. 
770. 
l , 180. 
1,640. 
2,190. 
. . 
I 
I 
3.0 ,---------------------------------------------------
.,... 
u 
0 
,--
a., 
> 
,--
n::s 
~ 1.0 
...... 
0 0 .1 
Round-Head 
Conical-Head 
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Figure 4.8 Initial velocity as a function of .target thickness 
at full penetration for MIL-A-12560G Class 3 
Material for different projectile nose shape . 
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4.2 AISI 4340 Steel: Case 18, 118 and IIIB. 
In the same way, results are obtained for the AISI 4340 steel tar-
get impacted by three different projectile nose shapes. Figures 4.9, 
4.10 and 4.11 show that the velocity, distance and force vary as a 
function of time while the corresponding numerical results are given 
in Tables 4.8, 4.9 and 4.10. The qualitative features of the results 
are the same for Case IB, IIB and IIIB. Because of the target resis-
tance, the projectile velocity is expected to decrease with time. 
What should be kept in mind is that the initial projectile velocities 
for the three cases in Tables 4.8 to 4.10 are different. The total 
force increases to a maximum at the termination of Stage II and then 
decreases. Monotonically increase in the distance or depth of pene-
tration is expected as shown by the results in Figures 4.9 to 4.11 
inclusive. 
The predicted plug length for the AISI 4340 steel is larger than 
that of MIL-A-12560G Class 3. The plug length to target thickness 
ratio is found to be approximately 48%. A much higher initial pro-
jectile velocity is required to penetrate the same thickness target 
made of MIL-A-12560G Class 3 steel. In other words, the MIL-A-12560G 
Class 3 steel is better material to resist against penetration. 
Presented graphically in Figures 4.12, 4.13 and 4.14 are plots of 
. 
. 
the_ inertia, compressive and shear force against the distance x for 
Case IB, IIB and IIIB. Refer to Tables 4.11, 4.12 and 4.13 for the 
-56-
numerical results of Fi' Fr and Fs. Both F1 and Fs varied x mono-
toni~ally where the former decreased with distance while the latter 
increased with distance. Only the compressed force Fr increased at 
first reaching a maximum and then decreases. These features are the 
same for all the projectile nose shapes. Both F; and Fr for the 
conical-head projectile were lower which are indicative of the rela-
tive ease with which it penetrates through the target in comparison 
with the flat-head and round-head. Since plug formation is not 
sensitive to the projectile nose shape, Fs of all three cases is 
about the same as shown in Figures 4.12 to 4.14. 
Illustrated in Figure 4.15 is a plot of the initial projectile 
velocity vp as a function of target thickness hat full penetration 
for the three different projectile nose shape. The same target 
material AISI 4340 steel is used for each case. The numerical results 
are given in Table 4.14. 
-57-
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Table 4.8 Numerical Data of Distance, Velocity and Total 
Force for Flat-Head Projectile and AISI 4340 
Time 
t(µsec) 
11 . 3 
23 .1 
35.4 
48.4 
62 .1 
76.4 
91 . 5 
107.3 
124.0 
141 . 6 
158 .1 
174.7 
191 . 6 
208.7 
226. l 
243.8 
262 .1 
281.0 
301 .2 
323.8 
393.8 
l 
Steel: Case IB. · 
Velocity 
v(m/s) 
2255 
2154 
2057 
1964 
1875 
1789 
1708 
1629 
1554 
1482 
1415 
1343 
1265 
1182 
1092 
994 
887 
767 
627 
451 
226 
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Distance 
x(m) 
0.026 
0.052 
0.078 
0. l 04 
0 .13 
0 .156 
0 .182 
0.208 
0.234 
0.26 
0.284 
0.308 
0.332 
0.356 
0.38 
0.404 
0.428 
0.452 
0.476 
0.5 
0.548 
Total Force 
r Fxl o 7 ( r~) 
l .89 
l . 76 
l . 65 
l . 54 
1.44 
l . 35 
l .26 
l . l8 
l . 11 
l .04 
l . 59 
l . 92 
2. 25,-
2.59 
2.92 
3.25 
3.58 
3. 91 
4.25 
4.44 
3.26 
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Figure 4.10 Time history of distance, velocity and total force 
for round-head projectile and AISI-4340 Steel: 
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Table 4.9 Numerical Data of Distance, Velocity and Total 
Force for Round-Head Projectile and AISI 4340 
Steel : Case I IB 
Time 
t{µsec) 
Velocity 
v(m/s) 
Distance 
x(m) 
Total Force 
rFxl07 (N) 
12.7 2011 0.026 0.84 
25.9 1934 0.052 0.8 
39.6 1860 0.078 0.77 
53.9 1789 0.104 0.73 
68.8 1720 0 .13 0.7 
84.3 1653 { ~ 0 .156 0.67 
100.5 1589 0.64 ·f) 0. 182 
117.5 1527 0.208 0.62 
135. 2 1467 0.234 0.59 
153.7 1409 0.26 0.57 
171 . 0 1353 0.284 l .06 
188. 4 1292 0.308 l .43 
206.l 1224 0.332 l .8 
9224. 0 llt9 0.356 2 .18 
242. l 1066 0.38 2.57 
260.7 975 0.404 2.95 
• 
' 
279.7 873 0.428 3.34 
299.4 758 0.452 3.73 
320.4 - 622 0.476 4 .12 
343.8 447 0.5 4.44 
413.8 223 0.548 3.26 
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Table 4.10 Numerical Data of Distance, Velocity and Total 
Force for Conical-Head Projectile and ·AISI 4340 
., . Time 
t(µsec) 
13. 4 
27.3 
41.8 
56.7 
72.3 
88.4 
105.3 
122-·. 7 
140.9 
159.9 
177. 6 
195.4 
213 .5 
231. 7 
250.3 
269.2 
288.6 
308.7 
330.0 
353.7 
423.7 
Steel: Case IIIB. 
Velocity 
v(m/s) 
1902 
1836 
1772 
1710 
1650 
1592 
1535 
1480 
1427 
1376 
1326 
1269 
1205 
1134 
1055 
967 
868 
755 
621 
448 
224 
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Distance 
x(m) 
0.026 
0.052 
0.078 
0. l 04 
0 .13 
0 .156 
0.182 
0.208 
0.234 
0.26 
0.284 
0.308 
0.332 
0.356 
0.38 
0.404 
0.428 
0.452 
0.476 
0.5 
0.548 
Total Force 
rFxl0 7 (N) 
0.46 
0.45 
0.44 
0.42 
0 .41 
0.4 
0.39 
0. 38 
0.37 
0 .36 
0.82 
1 . 21 
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Table 4.11 Numerical Data of Inertia, Compressive 
and Shear Force for Case IB. 
Distance 
x(m) 
0.026 
0.052 
0.078 
0 .104 
0 .13 
0.156 
0 .182 
0.208 
0.234 
0.26 
0.284 
0.308 
0.332 
0.356 
0.38 
0.404 
0.428 
0.452 
0.476 
0.5 
. 0 .548 
Inertia Force 
7 F.xlO (N) 
1 
1. 73 
l . 61 
l. 49 
l. 38 
1. 28 
l • 18 
l. 09 
l . 01 
0.93 
0.86 
0.99 
0.92 
0.85 
0.76 
0 .·67 
0.58 
0.48 
0.37 
0.25 
. 0. 
o . 
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Compressive Force 
F xl06 (N) 
r 
1.54 
l. 56 
l. 59 
1 . 61 
1.64 
l .67 
l .69 
l. 72 
l . 75 
l . 77 
2.23 
2.24 
2.2 
2 .1 
·l.94 
l . 71 
l . 41 
1. 03 
0.56 
0 . 
0. 
Shear Force 
F5xl0
7 (N) 
0. 
0. 
o. 
0. 
0. 
0. 
o. 
0. 
0. 
o. 
0.38 
0.78 
1 . 19 
l . 61 
2.05 
2.5 
2.97 
3.44 
3.94 
4.44 
3.26 
t 
\ 
\~ 
2.4 
2.0 
.---... 
z 
~ 
......... 
S-
LL 
a, 
u 
S-
0 
LL 
QJ 
> 
.,... 
~ l. 0 
QJ 
S-
C. 
E 
0 
u 
0. 
Stage III 
I 
7.0 
6.0 
.---... 
z ~ 4.0 
'-""° 
.,... 
LL 
QJ 
u 
S-
0 
LL 
n::s 
•r-
+,) 
S-
QJ 
C: 
.~ 
2.0 
Stage I -1-
Inertia Force 
Stage II 
Compressive 
Force 
Shear 
Force 
4.5 
4.0 
3.0 
2.0 
' 
"-
l .0 
o. 0 .1 0.2 0.3 . 0.4 0.5 0.55 
Distance x(m) 
Figure 4.13 Force versus distance relation for Case IIB. 
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Table 4.12 Numerical Data of Inertia, Compressive 
and Shear Force for Case IIB. 
Distance. 
x(m) 
0.026 
0.052 
0.078 
0.104 
0 .13 
0 .156 
0.182 
0.208 
0.234 
0.26 
0.284 
0.308 
0.332 
0.356 
0.38 
0.404 
0.428 
0.452 
0.476 
0.5 
0. 548. 
Inertia Force 
F1x10
6 {N) 
6.89 
6.48 
6.09 
5.72 
5.38 
5.05 
4.73 
4.44 
4 .16 
3.90 
4.51 
4.25 
3.95 
3. 61 
3.21 
2.78 
2. 31 
1. 79 
l. 25 
0. 
0. 
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Compressive Force 
Frx106 {N) 
1. 54 
l. 56 
l. 59 
1 . 61 
1.64 
l . 67 
l. 69 
l . 72 
1 . 75 
l. 77 
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l . 71 
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o. 
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Figure 4.14 Force versus distance relation for··case IIIB. 
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Table 4.13 Numerical Data of Inertia, Compressive 
and Shear Force for Case IIIB. 
Distance 
x(m) 
0.026 
0.052 
0.078 
0.104 
o .13 
0 .156 
0.182 
0.208 
0.234 
0.26 
0.284 
0.308 
0.332 
0.356 
0.38 
0.404 
0.428 
0.452 
0.476 
0.5 
0.548 
····rl'!';-"'~· 
Inertia Force 
F;xl06 (N) 
3.08 
2.92 
2.76 
2.62 
2.47 
2.34 
2.21 
2.09 
1.97 
l .86 
2 .16 
2.05 
l. 92 
l. 76 
1.57 
1.37 
1. 14 
~ 0.89 
_ 0. 62 
0.33 
0. 
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Compresstve Force 
Frxl06 (N) 
l .54 
1. 56 
1. 59 
1 . 61 
1. 64 
1.67 
l. 69 
l . 72 
l. 75 
1. 77 
2.23 
· 2.24 
2.2 
2. l 
1.94 
1 . 71 
1 . 41 
1.03 
0.56 
o. 
0. 
,i 
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Figure 4.15 
Fl at-Head-
Round-Head 
Conical-Head 
\ 
' 
,{ 
a .1 0.2 0.3 0.4 0.5 
Thickness h(m) 
Initial velocity versus target thickness of full 
penetration for AISI 4340 steel for different 
projectile nose shape. 
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Table 4.14 Initial Velocity for Flat-Head, Round-Head and Conical-
Head Projectile at Full Penetration with Different 
Thickness of Target Made of-AISI 4340 Steel. 
Thickness 
h(m) 
0. l 
0.2 
0.3 
0.4 
0.5 
.. 
Flat-Head 
vp(m/s) 
380. 
740. 
1 , 190. 
, -. 730 ~ 
2,360. 
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Round-Head 
vp(m/s) 
360. 
720. 
l , 120. 
l ,570. 
2,090. 
Conical-Head 
vp(m/s) 
360. 
700. 
l ,080. 
l ,500. 
l , 970. 
v. ·coNCLUSIONS AND FUTURE WORK 
Aside from the limitations on the one·dimensionality of the pro-
jectile penetration model developed in this work, many of the empir-
ical parameters require further scrutiny. Additional tests would have 
to be performed to verify the assumptions. What has been accomplished 
is the inclusion of a failure criterion together with the means for 
estimating heat loss during plug formation, a typical mode of failure 
for projectiles travelling in the nominal ordnance speed ·ange. A re-
lation for predicting the length of the plug is derived or the first 
\ 
time that can serve a useful purpose in armor design to guard against 
penetration. From the viewpoint of armor prate~ , the plugging 
mode of failure is undesirable for the projectile energy is not dis-
persed but localized or concentrated to push a slug of material 
completely through the target. In general, the annor should be 
designed to disperse the projectile energy such that the remaining 
energy would not be sufficient for total penetration. 
An immediate improvement on the present results can be made on 
determining the dynamic material properties of the projectile and target 
at high strain rates. Complete stress and strain data are known to be-
• -1 
come unreliable for strain rates£ near 10sec . In such cases only the 
initial portion of the stress and strain curve can be measured while the 
final state (au,Eu) becomes so unstable that no reliable data could be 
obtained as illustrated in Figu.re 5.1. Hence, it would be advisable to 
establish the known trade-off relation between the yield strength cry 
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a 
• -1 
e:>lOsec 
a 
(a) Uniaxial specimen 
a, 
:::, 
S-
I-
..... 
Highly unstable 
region 
0 
True strain 
(b) True stress and true strai.n 
Figure 5.1 Uniaxial test for£> lOsec- 1 • 
and criti.cal strain.energy density function (dW/dV) shown in Figure 
. . \~~.... C 
• -1 -1 -2 -1 5.2 for strain rates e: below 10sec , say 10°, 10 , and 10: sec 
while those at the higher strain rates would be obtained by extrapo-
lation from a knowledge of only· the dynamic strength~ 
The validity of the aforementioned procedure can be check·ed by 
performing a·n independent fracture test such that the Klc or Sc 
value of the material is dete.rmined: 
( l +v )( l - 2v ) K~ c 
s = c __ 2 __ n_E __ _ ( 5. l) 
where vis the Poisson's ratio and Ethe Young's modulus. Once Klc 
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Figure 5.2 Trade-off relation between yield strength 
and critical energy density. 
or Sc is known, re can be computed from· 
(5.2) 
which corresponds to the last ligament of material separation that 
triggers rapid fracture. It is a strain rate dependent quantity and 
can be measured from the markjngs correspon~ing to the initi_ation rate 
of rapid fracture. The re tends to decrease with increasing; for 
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metal alloys. This provides an independent check on the determination 
of (dW/dV)c or Sc that is needed for accurate determination of the 
plug size. 
The above procedure, however, would not be valid for strain rate 
of the order of 104 sec- 1 or higher. In such cases, only the isoenergy 
density theory can be used to derive the data analytically. This 
alternative is by no means straightfon1ard because the stress and 
strain response for each local element would be derived rather than 
preassumed such that change in local strain rates and strain rate 
history would be included. Complete nonhomogeneity of the dynamic de-
formation field is accounted for, an inherent character of material 
behavior. 
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